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ANENGINEERINGMETHODFORESTIMATINGNOTCH-SIZEEFFECT

INFATIGUETESTSONSTEEL

By PaulKuhnandHerbertF. Hardrath

Netier’sproposedmethodof calculatinga practicalfactorof stress
concentrationforpartscontainingnotchesof arbitrarysizedependson
theknowledgeofa “newmaterialconstant”whichcanbe establishedonly
indirectly.h thispaper,thenewconstanthasbeenevaluatedfora
largevarietyof steelsfromfatiguetestsreportedintheliterature,
attentionbetigconfinedto stressesneartheendurancelimit;reasonably
satisfactoryresultswereobtainedwiththeassumptionthattheconstant
dependsonlyon thetensilestrengthof thesteel.Evenin caseswhere
thenotcheswerecracksofwhichonlythedepthwasknown,reasonably
satisfactoryagreementwasfoundbetweencalculatedande~erimental
factors.It isalsoshownthatthematerialconstantcanbe usedinan
empiricalformulato estimatethesizeeffectOXIunnotchedspecimens
testedinbendingfatigue.

.

INTRODUCTION
w

Ithaslongbeenknownthatthestressconcentrationfactors
developedh fatiguetestsincrease(forgeometricallysimilarspecimens)
asthesizeofthespecimenticreases(ref.1,firstcd.,p. 688). For
reasonsof economy,standardfatiguetestsarerunonrathersmallspeci-
mens;thedirectapplicationof suchdatato thedesignof largeparts
mayleadtoratherlargeunconservativeerrorsto suchan extentthat
manypracticalengineersdecrystandardlaboratoryfatiguetestsas
beingof littlevaluefordesign.

Sizeeffectisonlyoneof severalfactorsthatmayresultinuncon-
servativestrengthpredictions,butitisa veryimportantone;quanti-
tativerulesforestimatingitarethereforeimperativeifthepredic-
tionsoffatiguestrengthWe tobe improved.Thispaperpresentsan
engineeringruleforestimatingtheeffectof sizeof a notch,ormore
specifically,a ruleforconvertingthetheoreticalfactorof stresscon-

. centrationintotheactualfatiguefactor.Theruleutilizesa relation
proposedbyNeuberinreference2 whichinvolvestheuseofa newmaterial

*
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constant;thenewcontributionconsistsinevaluatinga comprehensive
arrayoffatiguetests,collectedfromtheliterature,to showthatthe
materialconstantmaybe takenas a functionofthetensilestrengthof
thematerial.Theevaluationwasconfinedto steelasmaterialandto
nominalstressesneartheendurancelimit.InappendixA, theruleis
showntoyieldreasonablysatisfactoryresultseveninthelimitingcase
wherethenotchisanartificiallyproducedcrack.InappendixB, a
simpleempiricalrelationisgivenforestimatingthesizeeffecton
unnotchedfatiguespecimensinbendingwiththeaidofthenewmaterial
constant.

Thematerialcontainedinthispaperwaspresentedinpreliminary
formtoanaircraftindustrygroupduringMerch1~1. Sincethattime
someofthetheoreticalfactors
hasbeenadded;
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DEFINTI’IONS

Theresultsof fatiguetestson simplespecimensarecommonlypre-
sentedby plottinga stressS agains’tthenumberN of cyclesh
failure(fig.1). ThestressS iscomputedby elementaryformulas
forthesmallestcrosssectionof thespecimen;forinstance,fora
notched(grooved)specimentestedinbending,thestressiscomputed
as Ma/I forthecrosssectioncontainingthebottomofthenotch.
Thesymbolsusedindescribingthegeometryofa notcharedefinedin
figure2.

Theterm“fatiguefactor”KF isusedinthispaperto denotethe
stressconcentrationfactoreffectiveunderfatigueconditions.The
factorisdeftiedfora givenvalueof N (seefig.1)asthestress
carriedby thesmootispecimendividedby thestresscarriedby the
notchedspecimen.Thisdefinitionisgeneralandincludes,as a
limitingcase,thefactorobtainedina statictestwhichmaybe regarded

asa fatiguetestwith N = 1~ (forfullyreversedstress).In this

paper,however,attentionisconfinedtothefatiguefactorat the
endurancelimit,definedhereinasthefullyreversedstresswhichleads
tofracturein N = ( /%6107 cyclesSA

)asindicatedin fig.1 . Thti
restrictionautomaticallyconfinesattentiontopeakstressesthatare
withintheengineeringelasticrange.

Thetheoreticalfactor~ isdefinedasthefactorof stresscon-
centrationderivedby theconventionaltheoryofelasticity,inwhich
thematerialisassumedtobe elastic,homogeneous>andisotropic.k
practice,thisfactorisoftenobtainedbymeansofphotoelastictests.
Themo~tcompleteandsystematicmathematicaltheoryof stressconcentra-
tionisgiveninreference2.

Theterm“notchsizeeffect”isused& denotean effectattributable
tochangesintheabsolutesizeofthenotch.Distinctfromit isthe
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.

“materialsizeeffect,” attributabletothefactthata thinsheetunder- .—
goesmoreformingworkinthemanufacturingprocessthana thickslab
andthatthereisa masseffectwhena largespecimenisundergoingheat

%“-

treatment,partic-ly ~ thequench- operationme ~terial-size
effectcanbe fairlywelleliminatedinmanyinvestigationsofthenotch-
sizeeffect;forinstance,smallandlargespecimensmaybe madefrom
thesamethiclmessof sheet.

TEENEWER TEEENIJWLFACTOR

Theconfigurationsofthenotchesdealtwithby thetheoryofelas-
ticity(refs.1 and2) aresuchthatthebottomofthenot%hmaybe con-
sideredasa portionof a circlehavinga radiusR. Alltheformulas
forstressconcentrationcontaina termwiththesquarerootof the
reciprocalofthisradius;as R becomessmalle??andsmaller,thisterm
causesthetheoreticalfactorto increaseindefinitely.Fora radius
whichissmallbutwithintherangeactuallyusedsometimesfortest
specimens(oftheorderof 1 X 10-4inch),thetheoreticalfactormay
be of theorderof !?0,whereasthecorrespondingexperimentalfatigue
factormaybe onlyone-tenthas largeorevenless.Theuseof thetheo-
reticalfactorfordesignwouldthereforebe entirelytoopessimisticin
manycases.

Neuber’sbook(ref.2) isdevotedlargelyto a systematicmathe-
maticaltheorywhichgivesthetheoreticalfactorsof stressconcentra-
tion(denotedinthispaperby ~) formanybasictypesofnotches.
Recognizingthatthetheoreticalfactorsarehotacceptablefordesign,
however,Neuberalsodevelopeda formulaforconvertinganygiventheo-
reticalfactor~ intoa technicalfactor(hereinaftertermed’’Neuber
factor”anddesignatedby KN)intendedtobe directlyapplicablein
design.Thisformulais

Thequantitiesu.-and R aretheflankangleandtheradiusatthe
bottomof thenotch,respectively.ThequantityA, whichhasthe
dimensionof a length,constitutesthekeyideaintheformulaandiS
calledthe“Neuberconstant”inthispaper;itisdiscussedinthe
followingsection.

(1)

.
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Inspectionofformula(1)showsthatthefactor~ liesbetween
twolimitsas theconstantA varies.If A iszero,then ~ =%;
intermsofthewidelyusedconceptofnotchsensitivity(seeref.1,
secondcd.,p. 448),thematerialhaslot)-percentnotchsensitivity.If
theconstantA becomesverylarge,KN = 1 regardlessofthevalueof
~; thisvalueindicatesthatthematerialiscompletelyinsensitiveto
notches.

TEENEUBERCONSTANT

In theclassicaltheoryof elasticity,thematerialisconsidered
as a continuum.Pointtigtothefactthatengineeringmetalshavea
granularstructure,Neuberstatedthatt~s conceptm~t be abandoned
whena stressgradientispresent.He proposedinsteadtheconceptthat
thematerialisan aggregateof’’buildtigblocks”andpost~atedthat
no stressgradientcandevelopacrosssucha block;thequantityA is
thehalf-lengthof a block.NeuberstatedthatthelengthA shouldbe
consideredas a newmaterialconstantandthatitmustbe determinedby
e~eriment.

Neuberfsverybriefargumentmaybe elaboratedsomewhatas follows.
‘9 It iswell-lmownthatthedifferenttypesofgrainsofwhichan engi-

neeringmetalgenerallyconsistsmayhaveverydifferentpropertiesand
thatthepropertiesof anyonegrainmaybe highlydirectional.The

i standardtestbarsusedto determinethepropertiesofthematerial,
however,aresufficientlylargeto containan immensenumberofgrains,
andthepropertiesmeasuredaretheaveragetakenoverthislargenumber.
Undertheseconditions,theaverageissubjecttorelativelysmallfluc-
tuations,andtheassumptionthatthematerialishonmgeneausisa use-
fulsimplification.Butifthetestbarismadesmallerandsmaller
untilsuchproportionsarereachedthatthecrosssectioncontainsonly
a fewgrainsorfinallya singlegrain,thepropertiesmeasuredwill
fluctuatenmreandmorebetweenthel~its setby thepropertiesof the
tidividualgratis.It isevident=then,thattheass~tion ofhomoge-
neitybecomeslessandlessuseful.Thisconsiderationleadstothe
interpretationof thebuildingblockas theminimumvolumeofmaterial
thebehaviorofwhichmaybe correlatedtoan acceptabledegreeof
accuracywiththestandardengineeringpropertiesofthematerial(or,
morepreciselyphrased,withthepropertiesobservedon thestandard
engineeringscaleofmagnitude).

. It isclearthatNeuber’sbuildingblockisnota physicalentity
directlyobservable~fortistancesby me~s ofa microscoP~;it iSa
conceptualquantitythatcanbe determinedonlyby calculationfromtests.“.
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.

Moreover,theprecedinginterpretationimpliesa difficultynotevident
fromNeuber’sdefinition:theNeuberconstantA fora givenmaterial
mayhavedifferentvalues,dependingonwhetherthepropertytobe corre- %
latedisstrain,yieldstress,staticstrength,orfatiguestrength.

DETERMINATIONOFTHENEUBERCONSTANTFROMFATIGUETESTS

Withintheframeofa broad-scaleattackontheproblemofputting
fatiguedesignona moresecurebasis,an tivestigationonsizeeffect
hasbeeninitiated.TheNeuberfactora~earedtoofferpromiseof
beinga usefulengineeringmethodof estimatingthiseffect;inorder
thatthefactormaybe used,however,itisnecessarythattheNeuber
constant.beknownfor thematerials.ofinterest.

.—

Neuberhasdeterminedtheconstantonlyformildsteelfromtwo
setsof staticstrainmeasurementsonnotchedspecimensmadeb another

fexperimenterandarrivedat a valueof A x 0.02inch (ref.2 . Very
fewmeasurementsofthistypehavebeenmadesincethesemeasurements
mustbemadewithextremelysmallgagelengths;theyarethusverydiffi-

—

culttomakeandareofuncertainaccuracy.Furthermore,aspbintedout
intheprecedingsection,valuesof theconstantderivedfromstatic
measurementsmaynotbe applicabletofatiguetests.Itwasdecided,
therefore,to obtaintheconstantsforvariousmaterialsfromananalysis ,
ofpublishedfatiguetests.

Theanalysiswaslimitedto steelspecimensbecausethenumberof w
relevanttestson othermaterialswasinadequate.Thefatiguefactor
wasevaluatedonlyfortheendurancelimit,as statedpreviously,in
ordertoavoidthecomplicationof correctionsforplasticityeffects.
Thedataweretakenfromreferences3 to 17. particular attention was
paidtotestsinwhichthesizeofthespecimenwasvariedsystematically,
butallindividualtestsavailablewerealsoused. (Atestmeansa
companionpairofS-Ncurves,onecurveforsmoothspecimens,onefor
notchedspectiens.)No usabletestswerediscardedforanyreasonwhat-w
ever,butmanypublishedtestswerenot~able eitherbecametheshape
ofthenotchwasnotgivenorbecausethematerialwasnotdescribed
adequately.

—
—

Theanalysisincludedtestson specimenswithfillets,semicircular
notches,V-notches?md tr~sverseholes;mostoft~ testswererotating-
beamtests,buta fairnmber ofaxial-loadtestsoncircularandflat
specimenswerealsoavailable.A largevarietyofcarbonandalloysteels
withtensilestrengthsrangingfrom50 to230ksiwereincluded. *

ThedirectcalculationoftheconstantA fromknownvaluesof
KF i8verYsensitiveand,consequently,resultsinlargescatter.A *:

—
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.
muchmorepracticalprocedureisto assumetrialvaluesof A andto
calculate~ fromthem.

●

As a firstapproxhation,thevalueA = 0.02inch obtainedby
Neuberwasused,regardlessofmaterial.Obviously,a constantvalueof
A canbe,atbest,onlya crudeapprox~tionfortheentirerangeof
materials.Nevertheless,fornmstcases,theuseof ~ constituted

an improvementovertheuseof ~ as an estimateof thefatiguefactor.

A secondapproximationwasobtainedby consideringtheconstantA
tobe a functionof thetensilestrengthofthematerial.Thisrelation
wasexpectedtobe reasonable,at leastqualitatively,onthebasisof
thefollowinggeneralobservations:

(1)Notchsensitivityincreaseswithincreasingtensilestrength.

(2)TheNeuberbuildtigblockmightbe e~ectedtobe relatedto
grainsizewhichdecreaseswithincreasingtensilestrength.

(3) End~=ce Itiits w?== to be more closely related to tensile
strengthsthanto othermechanicalproperties.

Thecurveobtainedby a trial-and-errorprocessisshowninfigure3.

COMPARISONBETWEENPIIKOICTEDANDEXPERIMENTALFATIGUEFACTORS

Theresultsobtainedbyapplyingformula(1)andthecurveoffig-
ure3 to someof thesystematicseriesareshowninfigures4 and5.
ThesefiguresshowthetheoreticalfactorI@,thetechnicalfactor~,
andtheexperimentalvaluesKF. Figure4 showstheresultsforfour
setsof testson groovedshaftstestedasrotatingbeams.Thecomputed
valuesof ~ areinexcellentagreementwiththetests.Figure5
showstheresultsforthreesetsof testsonfilletedshaftstestedas
rotatingbeams.Theagreementisverygoodfortwosets;forthethird
set,thepredictionisconservative.

Manyofthetestsdonotconstitutesystematicseriesandarethere-
forenotsuitableforindividualplots.Informationon allthetestsis
presentedintables1 to 5. Thefinalresultsforalltestsareshown
infigures6 to 9 asplotsof theratio ~/KF againstthenotch
radiusR. Twoverticallinesaredrawnat ~/KF equalto0.9and1.1,

.
respectively,asan aidinassessingthescatter.Thereasonforplotting
againstthenotchradiusisthatsmallnotchradiiareoftenonlyrather

>
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inaccuratelyestablished;consequently,& islikelytobe inaccurate,
andincreasedscatterintheratio~~F maybe expectedforsmall
radiiforthisreason(andpossiblyforotherreasons).

Becausethenunberoftestsisquitelarge,somegroupsofpoints
fora givennotchradiushavebeenaveraged;thecticleindicatesthe
averageratio,thenumberaboveitthenumberofpointsaveraged,and
theticksat theendsofthehorizontallineindicatethelowestand
thehighestratioh thegroup.In someteststheultimatestrength
wasnotgivenforthematerialsused;thedataforthesetestswere
analyzedonthebasisof estimatedstrengths,andpointsobtainedh
thismannerareplottedwithtailedsymbols.

DISCUSSIONOFRESUTJTS

Inspectionoffigures6 to 9 indicates,as expected,thatthereis
morescatterwhenthenotchradiusissmall.Inparticular,thegroup
Of72testswith R = 0.004inch infigure9 showsa ratherwidescatter
band. Thisseriesincludestestsat20°C andat -78°C,butno system-
aticdifferenceattributableto thetemperaturedifferencecouldbe
found.

Figure6 showsa group,totaling11points,at a radiusofabout
0.01inchforwhichthepredictionsareunconservative.Nineofthese ~.
pointswereobtainedinoneinvestigationwhereunusualheattreatments
wereusedtoproducewidelydifferentgrainsizesforessentiallythe

—

sameultimatetensilestrength.Thefivemostconservativepredictions s
areforthespectienswiththesmallestnotchradiusshoynintheentire
figure(0.002tich);moreover,thetensilestrengthsofthematerialswere
notgivenandhadtobe estimated.Theinaccuracyoftheconservativepre-
dictionmaythereforebe attributableto inaccuracyof thebasicdataused.

Thetheoreticalfactorsforthespecimenswithtransverseholes
(fig.8)wereobtainedby thelandaar-actiontheoryofreference18,
butwiththeuseofthetheoreticalvaluesofreference19as a basis
ratherthanphotoelasticvalues.Thelaminar-actiontheoryconverts
thethree-dimensionalstressproblemintoa two-dimensionalonebymeans
ofa simplifyingassumption.Theresultfillsa badgapintheknowledge
of stressconcentrations,butitsaccuracyisopento somequestionin
viewof thesimplifyingassumption.

Theresultsshowninfigures6 to 9 maybe summarizedasfollows:
TheNeuberformula(1),usedinconjunctionwiththecurveof figure3,
predictsthefatiguefactorwithanaccuracyof *1Opercentfor@ per-
centof thetestsifspecimenswithnotchradtiequaltoor lessthan
0.01inchareexcludedandfor56percentof thetestsifno specimens
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areexcluded.
respectively,

These
ifthe

percentagesareincreasedto 81
resultsontransverseholesare

9

and 59 percent,
disregarded on— —.

accountoftheuncertaintyconcerningthetheoreticalfactors.1’

Thefollowingfactsshouldbe rememberedwhenan evaluationofthe
resultsismade:

(1) TheS-NcurvesfromwhichthefactorKF iscalculatedare
oftennotwelJ-establishedintheregionof concernherein(thatis,
N= 107)●

(2)TheS-Ncurvesaresubjectto statisticalfluctuations;conse-
quently,theratiO @/KF isalsosubjectto suchfluctuations.

(3) me theoretical factor~ isknownaccuratelyonlyfora few
specialcases.

(4)Formostcases,onlya nominalvalueof thenotchradiuswas
given,withoutindicationsofprobableaccuracy.

(!5)Machti@ stressesmayaffectthefactmrKF. (Stressmeasure-
mentsby meansofX-rayssuggestthatthesestressesmaybe large,par-
ticularlyonV-grooves.Seeref.20.)

(6) In somecases,thetensilestrengthof thematerialwasnotgiven*
andhadtobe estimatedfromthetypeof steelandheattreatment.

A k viewof alltheseuncertainties,thedegreeof correlation
achievedmaybe consideredasverysatisfactory.

CONCLUSION

An evaluationof theNeuberconstantfora largenumberoffatigue
testson steelspecimensforstresses neartheendurancelimitwasmade.
Thelargenumberof testsanalyzedisfeltto justifytheconclusion
thatthefatiguefactorKF at theendurancelimitcanbe estimated
forsteelswithreasonableaccuracybyusingNeuber’sformula(eq.(1)
ofthispaper)inconjunctionwiththel?euberconstantA (evaluated
fromfatiguetestsanddefinedby fig.3 of thispaper).

LangleyAeronauticalLaboratory,
-’ NationalAdvisoryCommitteeforAeronautics,

iJmgleyField,Vs.,July29,1952.
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APPENIHXA

STRESSCONCENTRATIONSPRODUCEDBY CRACKS

Thestressconcentrationsproducedby crackshavebeenusedina
numberofattemptsto’e~lainvariousphenomenaencounteredinthe
behaviorofmaterials.Althoughmanyoftheseproblemsarechieflyof
theoreticalinterest,somemaybe ofpracticalinterest.An attempt
wasthereforemadetoanalyzecracks,consideredas limitingcasesof
notches,by an extensionofthemethoddevelopedinthematibodyof
thispaper.

Fatiguetestswithartificialcracksas sourcesof stresscon-
centrationhavebeenreportedbyPeterson(ref.9)andbyMailander
(ref.21)0 Petersonproducedthecracks(inO.44-percent-carbonsteel)
by turninga narrowvee-grooveina roundbar,heatingandcompressing
thebarto closethe.groove,andfinallyannealingandmachiningthe
specimen.Mailiinderusedthreedifferentmethodsofproducingcracks.
Inthefirst,nitridedsteelswerecarefullystretcheduntilthenitrided
surfacecracked.Inthesecond,specimenscontaininga grooveweresub-
jectedtorepeatedimpacts(25blows)untilcrackswerevisibleatthe
bottomofthegroove.Thespecimenswereth~ turneddownpractically
to thebottomof thegroove.Inbothof thesemethods,penetratingdyes
wereappliedsothatthedepthofthecrackscouldbe measuredafterthe

Inthethirdmethod,anausteniticstainlesssteel“wastreated
a

test.
forgraindisintegrationbyboilingtia suitablesolutionfordifferent
lengthsofthne.Thegra~n-boundarycracksgeneratedwereapparentlyso 6
finethattheywerenotpenetratedby thedye;thedepthof crackwas
thereforeestimatedfromtheappearanceofthefracturedsurface.”Both
PetersonandMailandercalculatedthenominalstressontheassumption

,=

thatthecrackedareacouldtransmitcompressivestressbutnottensile
stress.(Stressescomputedonthebasisof thefullsectiondiffered
by asmuchas Z percent.)

-

Stress-concentrationfactorsforthetestspecimenswerecomputed —
inthefollowingmanner,withthenotationshowninfigure2. Fora
deepnotch,Neubergivesa formula(ref.2, ch.V, eqs.(72)and(73))
whichcanbe reducedtothesimpleform —.

(Al) ->

.

‘b
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whenthenotchradiusR becomes
deeDnotch.Fora shallownotch,

11

verysmall;thesubscriptD denotes
Neubergivesanotherequation(ref.2,

s ch.IV,eq.(131)) which cm be reduced to

[
&KS=2 ~ (A2)

.

.

whentheradiusR becomessmall;the
notch.

up to this point, thetheorywed
foranisotropichomogeneousmaterial.

subscriptS denotesshallow

is classicaltheoryof elasticity
Thetransitionto theactual

materialisnowmadeby substitutiwA for R in formu}as(Al)
and(A2).Thefinalfactorof stressconcentrationisobtainedby
applyingNeuberfsinterpolationformla(ref.2, ch.II)eq.(3))

KN=l+
KD - 1 (Ks- 1)

{1

(M)
—

Detaileddataonthetestsandontheresultsof applyingfor-
mula(A3)sreshownintable6. Theagreementbetweencalculatedand
experimentalfactorsof stressconcentrationas indicatedby the
ratioKN~ intable6 is quitesatisfactoryinviewof thefollowing

considerations:

(a)Thedepthofnotchisratheruncertaininsomecases.

(b)Themethodofarrivingatthecalculatedfactorsinvolvessome
debatablesteps.

(c)Factorsestimatedby theclassicaltheoryof elasticityaretoo
highby a factorof about10. (lh~rderto mskesuchanestimatepossi-
ble,thewidthof a crackina Mailandernitrided-steelspecimenwas
estimatedfroma photomicrograph.)

Thellail-~dertestsinwhichthecrackswereproducedby stretching
nitrided-steelspecimensareopentotheobjectionthatthestretching
mayhaveaffectedthefatiguestrength.Mail&derforestalledthisobjec-
tionby checktestson specimenswhichhadbeenstretchedjustshortof
cracking;no effecton fatiguestrengthwasfoundinthesetests.
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SIZEEFFECTON SMOOTHFOTATINGBEAMS

Stressgradientsexistnotonlyinthevicinityof notches;a beam
subjectedtobendingalsoexhibitsa stressgradientacrossitsdepth.
ThisobservationsuggeststhattheNeuberconstantA mightbeuseful
asa correlationparameterinthestudyof sizeeffectson smooth
rotatingbeams.

Let sR-fjdenotetheendurancelimitshownby smoothrotatingbeams
of a givenmaterial;theendurancelimitisthestressintheextreme
fiberofthebeamcomputedby theelementarybeamformula

Sm=!$ (Bl)

TheNeuberconceptimpliesthattheendurancelimitisa functicmofthe
stressgradientandthus.oftheradiusof thebeam,anditisknownfrom

,-

experimentsthattheendurancelimitdoesappeartovarywiththeradius.
A limitingvalueof theendurancelimitmaybe expectedinthelimiting
caseof zerostressgradient.A rotatingbeamwouldrequirean infinite
radiusin“ordertohavezerostressgradientlbuta zerogradientcan

M-

Messilybe realizedon a specimenof finiteradiusby resortingto axial
loading.Lettheendurancelimitunderexialloadingbe denotedby SAL. *

Theresultsof fatiguetestsonrotatingbeamsofvaryingsizesare
giveninreferences3, 4, 6, and 22. Preliminary analysis of the results
suggested the empirical relation .

.—

( i)~sm.sAL1+ a (B2)

where a istheradiusof
figure3. Formostofthe

thespecimenand A theNeuberconstantfrom
testsets,thevalue SAL hadnotbeendeter-

—

minedexperimentally;itwasthereforecalculatedfromtheexperimental
valuesof S~ by-usingformula(B2)inconjunctionwiththemethodof
leastsquares.Forthesakeof consistency,thisprocedurewasalso
appliedinthefinalanalysistothosetestsetsinwhich SAL hadbeen
determinedexperimentally. w

8
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.

Theresultsof thefinalsnalysisareshowninfigure10forthe
testsofreference22,andin figurq11forthetestsofreferences3,* 4, snd6. Moredetailedinformationis givenintable7. Theagree-
mentis consideredreasonablysatisfactory.

Therelation(B2)is clearlyappropriateonlyforcomparingsmall
beamsandlargebesmsinwhichthematerialhasundergonereasonably
similaramountsofhotsndcoldwork. Thus,useof therelationis
appropriateifthesmallbeamsaxemachinedfromthessmebarstockas
thelargebeams,sndifthebeamssrecutfromthebarin sucha waythat
theweakestfibersof allbarsarefromequivalentlocations.Onescheme
forcuttingbesmsofvsrioussizesfrom3-tich-diameterstockusedby
MooreandMorkovin(ref.3) isillustratedinfigure1.2.Itispossible,
of course,thatevenlargedifferencesintheamountof hotor coldwork
maybe insignificantforsomematerials.

Thesizeeffectpredictedby relation(B2)israthersmallinthe
usualrangeof interest.It is thereforeeasilyconceivablethatthis
effectmightbe maskedin sometestsby unrecognizeddifferencesin sur-
faceconditionswhichareknowntobe capableofproducingpowerful
effects.

An equationsimilsrto (B2)shouldbe applicableto thebendingof
platesor-sheet,but
tiatethisbelief.-.

no testswerefoundthatcouldbe usedto substan-

.

‘*

●
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:3 2.00

2.27 ;
:T? 2.46
.02 2.31 ~
.035 2.r2
.0625 .2.W ;
.@ :.Eg g
.CaJ .
.25 a2.00 76

%dbernin parenthesisare est~ed values.

mhutmce

I%fA),
hi

----
. ..-
. . . .
. ..-
29.8
!Ao
2b.8
23.5
21.2
21.2
17.5
34.5
22.0
44.0
37..0
36.5
30.5
27.0
26.2
24.7
---
----
.---
----
----
----
.:--

Erldumnce

I_m.t E~
Unmtckli),
kei

---
----
----
----
33.0
33.0
33.0
33.0
33.0
33.0
33.0
48.0
49.0
53.0
53.0
53.0
53.0
53.0
53.0
53.0
----
----
----
----
-----
---
----

1.63
1.m
1.%
1.25
1.IJ
1.37
1.33
1.4U
L%
1.%
1.83
1.3g
2.2?
.l.m
1.43
1.45
1.74
1.%
2.02
2.u
1.42
1.3
1.62
1.p
1.22
1.70
L45

A

from

f’%. 3,
-.

0.0236
.00%
.@
.0041
.c072
.c072
.0072
.m
.0072
.m
.0072
.0C52
.0052
.0044
.0044
.0044
.OCJI.4
.0044
.0044
.0044
.0M5
.LYJ85
.@
.0085
.0072
.0072
.m

q K+K]

1.540.95
1.701.~
1.721.09
1.751.40
1.5’7l.hl
1.751.27
1.321.37
1.811.29
L* 1.24
L$9 1.2U
2.081.u
1.731.’25
1.93 .87
1.731.44
1.691.18
1.631.I&!
1.791.03
1.88 .96
1.76 .87
2.o4 i~
1.801..27
1.801.16
l.n 1.03
l.n 1.02
1.86L*
2.o41.20
l.ffi1.28

b3fer-

eac e

9

;

1?
u
u
u
13
u
Hi
u
X3
10
I.o
10
10
10
III
10
9
9
9
9
9-
9
9

8 .



t I , * . b

Typ of Stml

Cr-t+a
Cldb
h-k
CrJW
Cr*
Or-Ma
CT-EL*-V
oral-m-v
cr-m.xo-v
OrJi-ma.v
f2zaiJb-y
Cr.m*-r
C?.3FLMM
cr-mA..v
cl-v
Cr-v
Cr-V
Or-V
Cr.V

or-v
cl--v
Cr.v
Or.v
Cr.v
cl--v
or-v
cl--v
CT-v
C&v
cm-v
cm-v
Cr-v
Cr-v
Cr-v
m 4Y.61
nc $7.61
w 45.61
M +3.61
ma 60.61
SU2.m.63
B?&
ma
XIKIO

-p
steal
(d
me
1$%4
1%%2
MC?
g

lW

%
063

llko

M’@
I.w

53
J.l@4

lao
1610
16Io
tiln
tilo
1610
I.&a

&
him

@a

lfm
3L30
IJ.3c

IIY

U90

%

I!AuIa Iv.. JmAL-mm FMIom T36m0? CnImmcm mm mBM31um c~ OROVM

%
U4.o
hw.e
X35.7

2::
W2.8
rn.o

!!;

g.:

1%::
M.6
W4.e
L5SJ.9

%::
in.o
l.vl.e
14g.8
E&l
W.!3.o
195.5
15L0

~::

4:0
W?.9
W9.!Y
ue.6
W.5
114..3
W.o
Lq6.o
151.8
155.0
17L0
C3a.o

blnrmu.

(X&i),
Rdlmmm

(-TM],
41.2
*.8
5$: ,

g

x
63.0
.9).9

:::
m.>

2;
54.0
g.;

78:1
!!6.8
61.1
W?

2:;
67.5
75.3
$,:

‘53:8
WI
8.2
8.7

2:;
*.O
62.3
73.8
n.o
49.7
6%4
E5.9

%

!2.01

::%2.ti
2.722.702.4Ae.a
Q.@/
Q.@
e.m
3.15
3.33
3.!m
2.63
Q.64
i?.’lz
E.*
3.kg
3.93
3.63
{:%

3.6b

::2
e.64
e.41
e .S9
e#@

‘X
I I.*
.4.50
Q.@

;:g

e :36
3.le
2J9
‘2.36
9.%

A
*

free.3,

UC%
.C036
.0029
.W21
L-ma
.Oo11
.0221

:*A
.OxA1

;~,

:%

Y:%
.WE3
,lXn6
.m12
.C@
.Un2
.co19
.Un3
.CCQ31
.0Jo13
.Wla
Awe
;Oz

.WX63

.C#o

.UwJ

.WYal

.W91

:S?
.COla
.W38
Sol?
.Oole
~~7

&

::5
eA9
Q.63
e.w
‘2.94
I?.63

;::
3.34

::2
3.40
3.54
e.e3
e.46
‘2.4
,.4
C.75
Q.%?
2.6!3

X
Q.m
3.m
3.a
e.m
e.w
3.1o
3.34
3.14
3.34
3.39

::~

Q:49
e.*
Q.P

M
3.IA
3.&

1.03
.9

1.01
1.e3

1:%
1.C8
1.03
1.3B
1J?4
1.01
1.U
1.OP
1.01

.87

.93

.’53

:~
.74

,:2
.67
.V9
.9V

1.03
l.oa
1.EO
1.05
1.M
1.07
l.la
.78
.&

::

:G
.94

1:3
1.33
1.01

-%

mf’9rmH



Type of steel

b
Ml

k
I&l
k-v
Ua.v
cl--k Cwthg
CrJ!a C88t,ing
Ml
nn
Ml
h
nn
h
%
Ml
Cr-w Ca8wmg
Cr410 C9.8ting
Mn-vCaetlng
Ma-vcasting
CrJln Casting
Cr-ltn Ca9tlng

‘J!ABIE IT.. XIALIDAD FATD3OETE?I’2OFC nJllmIccAL FkmmKus COKCUHRG c~ Gmov’mi - Ccmclded

rmE@18tiaa
of

steal
(a)

lm3
W3
E53
W53
W3

%;

2;
I@
1267

:H
lm.1
Ii311
----
—--
----
----
----
----
----
----
----
----
----
----
----
.-—

250
140.0
kyio
U6.O
153.o

3:;
K7.5

“%:;
g.:

162:2
1.31.o
lb 5
79:2
91.4
u3.8
lFsJ.k
‘39.7
98.2
U2.8
12V.2
116.o

I
51.1
59.6
62.5
66.7
64.6
7z.k
42.6
48.3
38.0
43.0
48.0

WJ.5

l.%:?
125.6
1.TJ4.2 ..

51.0
41.0
48.0
54.0‘
56.0
2g.o
32.5

$::
30.0
.30,0

%eman aircraftCOMa’uctim mterid .leBigm’time.

1

, 1

j.85
2.40
2;65
2.93
3.20
2.83
3.h2
2.57
3.00
3.38
3.61
2.28
2.5.5
2.14
2.43
2.71
2.69
2.67
2.83
2.93
3.43
3.60
3.74
1.93
2.17
1.85
1.81
1.76
1.76

A
n-cm
rig.3,
in.

O.ooclo
.oo16
.Ch311
.0018
.0012
.0036
.C@6
.CQ21
.0014
.COti
.00UJ
.0014

.W

.Octcl

.0014

.0367

.m
JX)30
.WE?5
.UT12
.W42
.qpl
.0022
.0CQ8
.0020
.C048
.m3-l
.0023
.Ooti

, ,

1,

w%

;.g
1. E

:Z

:$
1.CQ

.9J+

.8I.

.&?
1.23
1.v
l.zl+
1.17

.&l

.84

.93

:;
.68

.69

.70
1.30
1.22
1.24
1.32
1.48
1.53

Tm7Qeratme,
%

-%

,

2efertBce

lkaudu
14.@15
tidu
lkmau
lJ+mdv
14E?KI15
14W 15
14and15
14ma 1.5
14ma 15
14and15
14and15
14@Id15
14aIVl15
14md 1.5

15
u
1s
u

3
15
J-5
u
15

:

z

● ✌



t I . , , I

i Gross
Type 03?steel width,

1“
in.

am 4L30rfonndimd 2.250

SAE h130igmmalized2.250

SAE4130lrormdimd 2.250

SAE41.30libnkLizd2.250

!lMBLEV.-AXIAL-IDADFATIGuE !CESM OF BERET SFECWEHS CORMUiRUl

mm, smmTucAL Ifomms Am FHJ.m!s

.

liet
iidth
in.

l.yM

J-W

L. 500

1.500

L.500

L.m

Shap
of

notch

hole

u

Flllel

u

Fillel

u

Root
Tldilu,I%
in.

,.~ 2.0

.317’72.0

.1736 2.0

.05T4.0

.ol~4.0

.03155.0

LLtlmete
tenaik
trength
kei

117

117

117

117

IJ7

117

ndu.rauce
limit

notched),
ksi

25

27

27

lb

17

u

J
Endnr9nce
HDllt KF

Inlnotchea),
ksi

47 L68

47 1.74

47 1.W

47 3.36

47 !2.7?5

47 4.27

A

frm

Us 3, ~
.

1.00271.96

.00271.$?2

.0027lea

.0CQ73.46

.0C272.72

.00274,10

c@f

1,04

I..lo

L.03

1.03

.99

.96

-

efer-
ence

1.6

16

16

16

ti

17

7

n)
w
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TABIEVI. - ImA!lmG BEAMS coMlcAmmoAKI!IECCIALCIWKKS

‘1*-* Endurance
Maximurll Midmum tensile

Ebhrance A“

?ypeof 8teel diameter, diameter, strength,
in. h. k8i (n~hl) , (~~h-) , ‘F fz>, ‘m ‘=~F =

(a)
kai .

).44% C 3.2U 2.36 (76) ---- ----- 4.000.00725.111.28 9
).44x c 0.80 .594 (76) ---- ----- 2.83 .00722.Y4 .fl 9
).#% c o.& .320 (76) ---- ----- 6.75 .00722.10 .31 9
Utrided .* .240 x28 27.7 82.3 3.03 .002124.74l.% 21
ritridea .294 .232 101 17.0 6$.1 4.00 .003%4.101.02 21
iitrid.ed .294 .24a 149 28.4 105.0 3.70 .00I.35.?31-1.58 21
Uckel .394 .378 U8 73.8 :.$ .00273.20 .52 21
3tajmleB8 .236 .220 88 $:: 45.5 .005312-.241.15 21
Mi.nless .236 .1.89 m.5 34.4 45*5 l:EB .006552.481.32 21

-~

-ers in psxenthesis are est~twi values.

, 1 , .

,.

f



25

Type of steel

VCN35
VCN35
Vcm35
1j%C Normalized
1$ C Normalized
1$ C Normalized
1 S C Annealed
1$ C Annealed
1$ C Annealed
0.10$c
0.10j-zc
0.10j%c
0.04$c
0.04$c
0.04j%“c
0.04x c
o.04j%c
0.41% c
0.41$0
0.41j%c
0.41j%c
O.*1% c
X4130
x4130
x4130
X4130
W@o
SAE1035
(as rolled)
S&E 1035
(as rolled)
SAE 1035
(as rolled)
SAE 1035
(as rolled]

SAE 1035
(asMlled
SAE 1020
(asrolled)
SAE1020
(asrolled)
SAE 1020
(asrolled)
SAE1o20
(as rolled)
SAE mo
(as rolled)

TABLE VII.-UNNOTCHEDIUTATIl?2BEAMS

liameter,
in.,

0.268
.646
1.076
.268
.646
L076
.68
.646
1:%6
.646
1.076
.03%
.0716
.1432
.2864

ixialLo=
.0358
.0716
.1432
.2864

Kial Loai
.125
.s0
●m
1.000
2.000
.125

.250

.ylo
1.000
2.000

.125

.2X

.500
1.000
2.ceo

tidurancc
limit,
ksi

85.2
79.5
73.9
46.9
E::
44.0
41.2
39.8
39.8
36;9
g.;
38:4
39.0
39.0
26.3
30.5
27.0
27.0
27.0
19.9
g
63
63
63
39
39

35
35
35
34
32
28

28
30

Jltimat.e
strength,
ksi
(a)

[K&]
(loo)(80)(80)(80)
(60)
(60)
(60)
(x)
(x)
(50)
(5’0)
(50)
:50{

(50)
[g)
(601
(60)
(60)
1T2
142
142
142
142
87.6
87.6
87.6
87.6

87.6
62

62
62
62
62

A
from
!ig.3,
Ln.

i.ookl
.0041
.0041
.0066
.0066
.0066
.01J2
.o11.2
.o112
.013
.013
.o13
.Ou
.o13
.01,3
.013
.o13
.OUA
.0112
.01J2
.0m?
.OIJQ
.00152
.00152
.00152
.00152
.00152
;0054
.0054

.0054

.0054

.0054

.0104

.0104

.0104

.0104

.o1o4

1.18
‘1.XL
Log
1*Z2
1.14
1.11
1.29
1.19
L 14
1.31
1.20
1.16
1.85
1.60
1.43
1.30
1.00
1.79
1.s
1.39
1.28
1.00
I.16
1.32!
1.08
1,06
1.04
1.29
1.21

1;15
1.’10

1.07
1.41
1.29
l.m
1.14
1.10

}{
49.82

}{
27.0

}{
24.4

]{
21.s

}{

18.0

}{
13.o

}{

61.8

II

31.4

24.7’

[

%iw
ksi

58.5
55.4
54.2
33.C
30.s
30.C
31.5
28.s
27.s
27.5
25.t
24.t
33.4
28.5
25.7
23.3
I.B.o
23.3
2Q.3
18.’]
16.7
%
68.1
66.6
65.3
64.1
40.6

37.9
36.0

34.6

33.7
34.8
31.8
29.8
28.2
27.2

iefer.
ence

22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
3
:
3
:
3

3
3

3
3
3
3
3
3

p-



TABmvII.—oiimlcm FmlYcIEBEAMS - ConcWled

Type of steel

.%4E1o20
(emeald)

aElo20
(ennealel)

* lom
(enneew)
ME Im3
(ameald)
Wloa
(annealed)

w 1o35
(enneded)

Em 1o35
(medal)

m 1035
(almeeled)
w 2345
SPJi2345
ME 2345
SAE23%
am 2345
am 2345
WE ,2345
SAX4340
&u 4340
am 4344)
M 4340
.Ym4340

, ,

1

Diemeter,
h.

0.160

.W

..500

1.003

1.875

.-

.@

.W

.m

.M

.250

.3c0

.m

.87!5
1.5c0
.J25
.250
.500
1.000
1.79

Endurance
limit,
kei

29

29

28

28

28

35

34

31.3

70.25
70.75
66.75

%;
64.0
66.5
a2.5
81
-@
74
7’4

UMmate

strength,
kei

60

60

60

60

&

77.6

77.6

~. 6

1.25.5
125.5
125.5

w -
325.5
W.5
163.5
163.5
163.5
163.5
163.5

A

from
fig.3,
h.

0.0110

.O11o

.O11o

.O1.1o

.O1.1o

.C@J

.0Q69

.0369

.00226

.CW26

.ma

1.37

1.30

1.21

1.15

1.11

1.33

L 2k

1.17

1.19
1.17
1.1.3
1.12
1.In
1.07
1.05
1.12
1.08
1.06
1.04
1.03

Sfi,

ksi

H23.0
}[

26.9

}[

fm.7

}{

n.o

31.6

29.8

27.8

26.4

25.6

35.8

33.2

31.4

72.2
70.8
68.9
68.2
66.5
65.1
64.0
81.8
79.2
77.5
76.2
75.5

T

Refer-
ence

6

6

6

6

6

.6

6

6

:
6
6
6
6

:

:
4

~

,
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Figure1.-TypicalS-Ncurves Figure2.-Symbolsdefining
fornotchedandunnotched thegeometryofa notched
specimens. specimen.
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06 \

M

02 .
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Figure3.-ProposedrelationshipbetweentheNeuberconstantA andthe
ultimatestrengthsof steels.
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I
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.

I SAE 2345 I SAE 1020 ‘w )
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K
3
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I

SAE 2345

F
f

SAE 1020 :-

~
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,
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—
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Figure4.-Typicalcomparisclnbetweentheoretical,Neuber,andfatigue
factorsforrQtatingbeamscontainingcircumferentialgrooves.
(Datatakenfromref.7.)
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fatigueFigure5.-!l?ypical.comparison
factorsforrotatingbeams
ref.10,) .
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R,h.

.10

.05

0

R

Q

o

m
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m
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imlo
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n 0, Dn b 1

.5 9 Lo LI 15

~/KF -20 “

Figure 6.-Comparison betveen IWeuberand fatigue factors forrotating
beama containing circtierential grooves. (Points with tails indi-
cate computation of q was made on baBis of estimated value of

ultimate ~trength. Numhra above symbolB indicate the number of
points averaged and ticks indicate extrems valueB in the group.)
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Fiw ~.- Comparison between
hams containing filletfi.

o
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Neuber anti fatigue factors for rotating
(Points with tails indicate computation ~

of ~ was mde on basis of esti~ted value of ultimate strength.)
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Figure 8.-Comparison between Neuber and fatigue factors for rotating
beams containing transverse holes. (Points with tails indicate
computation of 1$-jwas made on basis of eatinwted value of ultimate

stren@h.)
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.1
R,in.

.01:

0 a

3(3 t

R

1

I

I
01

a

dl

a I

a

oR

‘i%’

A

ER

.0011 1 1 1 I

o 5 .9 1.01.1 1.5 ’20 ~
. .

KN/ KF *

sFigure9.-Comparison between Neuber and fatigue factars for axial load

tests. (Numbers above symbols indicate the number of points averaged
“!

and ticks indicate extreme values in the group.)
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ksi
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Figare 10.- Comparison of

o SRB
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— Computed
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I%C narmallzed

1 1

0 0.5 Lo co
diameter, in.

o

I %C annealed

4 1

T

.41%C
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0

1

0 05 u) 03

endurance llmits for unnotchedrotatingbeam
andpredlctiona by formula (B2). (Data from ref. 22.)
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as rolled

o h I

sA~otld s~B,

ksi
80

60
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0

X4130
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SAE 10!20

ameolsd

A

o I 2 m

=%?-=

o u

SAE 4340

SAE 1035
annealed

!A

I 2 co

diameter, im

Figure 11.- Compsrison of endurance limits for unnotched rotating beams
and predictions by formula (B2). (DELtafrom refs. 3, k, and 6.)
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A 1,5, 1.75, 1.875- in. specimens
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c ,5- in, specimens
D .25- in. specimens =@=

E ,125- in. specimens

Figure 12. - Scheme used by Moore and Morkovin (ref. 3)for cutting
specimens from a-inch-dianter rolled bar stock.


